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We identified clade 2.3.4.4 highly pathogenic avian in-
fluenza A(H5NG6) viruses from whooper swans (Cygnus
cygnus) found dead in Mongolia. The identification of
these infections in wild birds in this area is of concern
because of the potential for virus dissemination during
fall migration.

Highly pathogenic avian influenza (HPAI) H5Nx
viruses have been continuous threat to poultry
and public health since the detection of A/Goose/
Guangdong/1/1996(H5N1) (Gs/GD) in 1996 in
Guangdong Province, China. The Gs/GD-lineage has
evolved into 10 genetically distinct clades (0-9) and
subclades (1). A novel clade 2.3.4.4 of H5NXx viruses
bearing multiple neuraminidase subtypes, includ-
ing N2, N5, N6, and N8, has been identified in Chi-
na since 2008 (2), and the H5 genes have been phy-
logenetically differentiated into 4 subgroups (A-D)
(3). Clade 2.3.4.4 H5NG6 viruses have been causing
worldwide epizootics in poultry and wild birds, and
human cases have also been reported since 2014 (4).
In this study, we report the identification and genetic
analysis of 2 HPAI clade 2.3.4.4 H5NG6 viruses isolat-
ed from whooper swan carcasses in central Mongolia
during April 2020.

Wild whooper swan (Cygnus cygnus) carcass-
es were found in April 2020 on the banks of 2 small
ponds (48°25'39.8"N, 102°36'09.6"E, and 47°56'22.0"N,
102°32'54.0"E) around the Orkhon River located
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nearby Khunt Lake (Bulgan Province, 48°25'59.8"N,
102°34'51.1"E) and Doitiin Tsgaaan Lake (Arkhangal
Province, 47°34'20.1"N, 102°31'45.4"E) (Appendix 1 Fig-
ure 1, https:/ /wwwnc.cdc.gov/EID/ article/27/4/20-
3859-Appl.pdf). These lakes are a major stopover site
of migratory wild birds in central Mongolia between
their breeding sites in the north and the wintering sites
in the south and are also major breeding and molting
habitats of wild bird species, including whooper swan.
The lakes were the outbreak sites of HPAI H5N1 in
wild birds in 2005, 2006, and 2009 (5). Two HPAI vi-
ruses, A/Whooper swan/Mongolia/24/2020(H5N6)
and A/Whooper swan/Mongolia/25/2020(H5N6),
referred to as MN-H5N6/2020 viruses in this article,
were isolated from 2 brain tissue samples of whoop-
er swan carcasses. We conducted whole-genome se-
quencing (6) and phylogenetic analysis on the isolates
(Appendix). The nucleotide sequences have been de-
posited in GenBank (accession nos. MT872354-69).
The 2 MN-H5N6/2020 viruses shared high nu-
cleotide similarity (99.65%-100%) across all 8 gene
segments. Polybasic amino acid motif on the cleavage
site of hemagglutinin (HA) genes (PLRERRRKR/G)
suggested that the MN-H5N6/2020 viruses are HPAI.
BLAST  (https://blast.ncbi.nlm.nih.gov/Blast.cgi)
and GISAID (https://platform.gisaid.org) searches
showed that the MN-H5N6/2020 viruses share high
nucleotide identity (99.4%-99.9%) across all 8 gene
segments with the HPAI H5N6 viruses, referred to
as Xinjiang-H5N6/2020 viruses in this article, iso-
lated from wild swans (mute swans [Cygnus olor]
and whooper swans) during January 2020 in Xinji-
ang Province, China (Table 1) (7), which is located
~4,800 km southwest of the isolation sites of the MN-
H5N6/2020 viruses. These results suggested that the
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DISPATCHES

Table 1. Nucleotide sequence identities between each gene segment of MN-H5N6/2020 highly pathogenic avian influenza virus
isolates from Mongolia, 2020, and the isolates with the highest homology in the GISAID and GenBank databases*

Gene Accession no. Virus % |dentity
PB2 EPI11718955 A/Whooper swan/Xinjiang/3/2020(H5N6) 99.74-99.83
PB1 EPI1718956 A/Whooper swan/Xinjiang/3/2020(H5N6) 99.44
PA EPI1719034 A/Whooper swan/Xinjiang/13/2020(H5N6) 99.78
HA EPI11718990 A/Whooper swan/Xinjiang/7/2020(H5N6) 99.60-99.66
NP EPI1718951 A/Whooper swan/Xinjiang/3/2020(H5N6) 99.74-99.81
NA EPI11719037 A/Whooper swan/Xinjiang/13/2020(H5N6) 99.65-99.72
MP EPI1719033 A/Whooper swan/Xinjiang/13/2020(H5N6) 99.70
NS EPI1719032 A/Whooper swan/Xinjiang/13/2020(H5N6) 99.54

*As of 2020 Jul 16. GISAID, https://platform.gisaid.org. HA, hemagglutinin; MP, matrix protein; NP, nucleoprotein; NS, nonstructual protein PA, acidic

polymerase; PB1, basic polymerase 1; PB2, basic polymerase 2.

MN-H5N6/2020 viruses might have been introduced
through the Central Asian flyway to central Mongolia
most likely during early spring migration in 2020.

In the maximum-likelihood phylogenetic trees,
all 8 gene segments of the MN-H5N6/2020 were
closely clustered with the sequences of the Xinjiang-
H5N6/2020 viruses and the H5N6 viruses of clade
2.3.4.4 group C isolated during 2016-2019 in China,
Vietnam, and Russia, including human isolates (Ap-
pendix 1 Figure 2). The phylogenetic relationship
and high nucleotide identity indicated that the MN-
H5N6/2020 viruses possess the identical genome
constellation with the Xinjiang-H5N6/2020 viruses
(7). The time of most recent common ancestor for each
gene of the MN-H5N6/2020 viruses and the Xinjiang-
H5N6/2020 viruses ranged from May to December
2019, suggesting that the MN-H5N6/2020 viruses
and the Xinjiang-H5N6/2020 viruses had diverged
from a common ancestor most likely during the sec-
ond half of the previous year (Table 2; Appendix 1
Figure 3). The time of most recent common ancestor
for each gene of the MN-H5N6/2020 viruses ranged
from January through March 2020. These data and
understanding of waterfowl migration patterns sug-
gest that H5N6 viruses were maintained among wild
birds during fall and winter 2019 and reached Mon-
golia by late winter, most likely carried by long-dis-
tance flights of infected migrating wild birds during
spring migration. A previous satellite-tracking study
of whooper swans between northern China and Mon-

golia showed that the most stable period for the win-
tering population of whooper swans in the Sanmenx-
ia Reservoir area was from late December to early
January (8). For spring migration, departure dates of
the wintering population of whooper swans ranged
from February 17 to March 27, and arrival dates at
the breeding sites in Mongolia ranged from February
27 to May 23. This spring bird migration pattern co-
incided with the timing and direction of H5N6 virus
transmission between Xinjiang and Mongolia.

The MN-H5N6/2020 and the Xinjiang-
H5N6/2020 viruses had mutations associated with
increased HA receptor binding affinity to human-
like receptor (a-2,6 sialic acid), including D94N,
S133A, S154N, and T156A (H5 numbering) (9) (Ap-
pendix 2 Table 2, https://wwwnc.cdc.gov/EID/
article/27/4/20-3859-App2.xlsx),  although they
maintained the amino acids related to the binding tro-
pism to avian-like (a-2,3 sialic acid) receptors (222Q
and 224G). Unlike 7 H5N6 human isolates of clade
2.3.4.4 group C, the MN-H5N6/2020 and the Xinji-
ang-H5N6/2020 viruses had amino acid substitution
at HA position 188 (H5 numbering), from threonin to
isoleucine, which is known to enhance receptor bind-
ing affinity to human-like receptor (10). In the max-
imum-likelihood phylogenetic tree and maximum
clade credibility tree of polymerase basic 2 gene, the
closest isolates of the MN-H5N6/2020 and Xinjiang-
H5N6/2020 viruses were human H5N6 isolates from
China (Table 2; Appendix 1 Figure 2, 3).

Table 2. tMRCA of each gene segment of H5N6 highly pathogenic avian influenza viruses from Mongolia, 2020*

tMRCATt of MN-H5N6/2020 viruses

tMRCA of MN-H5N6/2020 and Xinjiang-H5N6/2020 viruses

Gene Mean 95% HPDZ range Mean 95% HPD range
PB2 Feb 2020 Jan—-Mar 2020 Dec 2019 Dec 2019

PB1 Feb 2020 Jan—Mar 2020 May 2019 Dec 2018-Aug 2019
PA Jan 2020 Dec 2019-Mar 2020 Sep 2019 Jun—Nov 2019
HA Jan 2020 Oct 2019-Feb 2020 Jul 2019 Mar—Oct 2019
NP Jan 2020 Nov 2019—Mar 2020 Nov 2019 Aug-Dec 2019
NA Feb 2020 Dec 2019-Mar 2020 Jul 2019 Jan-Oct 2019
MP Mar 2020 Jan—-Mar 2020 Jul 2019 Feb—Oct 2019
NS Feb 2020 Dec 2019—Mar 2020 Nov 2019 Sep—Dec 2019

*HA, hemagglutinin; HPD, highest posterior density; MP, matrix protein; NP, nucleoprotein; NS, nonstructural protein PA, acidic polymerase; PB1, basic
polymerase 1; PB2, basic polymerase 2; tMRCA, time to the most recent common ancestor.
TtMRCA estimated by using Bayesian molecular clock analysis. It represents the potential existing timing of a common ancestral node.
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Wild migratory birds have played an important role
in disseminating and maintaining of Gs/GD lineage
HPAI H5NXx viruses, as observed in the epizootics of
H5NI1 clade 2.2 during 2005-2006 (11), H5N1 clade 2.3.2
in 2009 (12), clade 2.3.2.1c in 2015 (13), and clade 2.3.4.4
since 2014 (14). During widespread dissemination of the
HPALIV clade 2.2 during 2005-2006 and clade 2.3.2 in
2009, these viruses were also detected from wild birds at
Doitiin Tsgaaan Lake and Khunt Lake, highlighting that
these areas are useful locations for monitoring of HPAI
in wild birds as a pathway for the spread of HPAI dur-
ing migration of waterfowl. Identifying 2 HSN6 HPAI
viruses in wild waterfowl in this area signifies the po-
tential for wide spread of this clade 2.3.4.4 HSN6 viruses
during the 2020 fall migration.

Since the first report of a human infection with
HPAI clade 2.3.4.4 H5N6 virus in Sichuan Province,
China, in April 2014 (4), a total of 24 cases had been
reported from China as of August 2020 (15). The
mammalian host-specific markers found in the MN-
H5N6/2020 viruses suggest that these viruses are
potentially infectious for mammals. Considering the
possibility of future dispersal of the HSN6 HPAI vi-
ruses through wild birds and the presence of mam-
malian host-specific genetic markers, enhanced active
surveillance in wild birds, poultry, and mammals is
needed to monitor spread and understand the poten-
tial for zoonotic infection.
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Appendix 1

Methods

Virus Isolation

For avian influenza virus (AlV) screening, viral RNA was extracted from brain samples
using taco Nucleic Acid Automatic Extraction System (GeneReach Biotechnology Corp.,
Taiwan) and taco DNA/RNA Extraction Kit (GeneReach Biotechnology Corp., Taiwan) and
screened for AIV by insulated isothermal PCR (iiPCR) using POCKIT Micro Duo Nucleic Acid
Analyzer (GeneReach Biotechnology Corp., Taiwan) with Influenza A Virus Detection kit
(GeneReach Biotechnology Corp., Taiwan) according to the manufacturer’s instructions. AIV
screening result was confirmed by real-time reverse transcription-PCR (rRT-PCR) (1).
Supernatant of tissue homogenates was inoculated into 9-11-day old chicken embryonated eggs
in Biosafety Level 3 (BSL-3) facilities at State Central Veterinary Laboratory of Mongolia for
virus propagation. Allantoic fluids were harvested after 72 h incubation and tested for

hamagglutinin (HA) activity using 10% chicken red blood cells.

Whole-Genome Sequencing

RNA was extracted from HA-positive allantoic fluid using TRIzol Reagent (Thermo
Fisher Scientific, MA, USA) and RNeasy Mini Kit (QIAGEN, CA, USA) according to the
manufacturer’s instructions with slight modifications. Briefly, 200 pl of allantoic fluid was
treated with 200 pl of TRIzol Reagent and incubated for 5 min at room temperature. Then, 100
ul of chloroform was added and incubated for 2 min at room temperature. After centrifuging the
mixture at 13,000 rpm for 15 minuates at 4°C, the RNA and water phase was mixed with 100%
ethanol (1:1v). After transferring the mixture to the spin column of RNeasy Mini kit, RNA was

extracted following the manufacturer’s instructions.
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The full-length genome sequencing was performed using the lon Torrent Personal
Genome Machine (Life Technologies, CA, USA) according to the manufacturer’s instructions as
previously described (2). De novo and directed assembly were carried out using the Geneious

assembler and mapper in Geneious R9 (http://www.geneious.com) using default parameters.

Phylogenetic Analysis

The sequences of the highly pathogenic avian influenza (HPALI) viruses representing each
subgroups of H5 clade 2.3.4.4 and low pathogenic avian influenza viruses were retrieved from
GenBank (https://www.ncbi.nlm.nih.gov/genomes/FLU) and GISAID Epiflu
(https://platform.gisaid.org) databases for comparative phylogenetic analysis. Complete coding
regions were aligned using MAFFT (https://mafft.cbrc.jp/alignment/software/). The maximum-
likelihood (ML) tree of each gene was estimated using RAXML (3) using general time-reversible
(GTR) nucleotide substitution model and discrete gamma distribution with 1,000 rapid bootstrap
replicates. To estimate the time of most recent common ancestry (tMRCA) for each gene
segment, we performed Bayesian relaxed clock phylogenetic analysis using BEAST v1.8.4. We
applied the Hasegawa—Kishino-Yano nucleotide substitution model, and the Gaussian Markov
random field (GMRF) Bayesian skyline coalescent tree prior (4). A Markov Chain Monte Carlo
method to sample trees and evolutionary parameters was run for 50 million generations. Three
independent runs were combined for analyses to ensure that an adequate effective sample size
(200) was reached for relevant parameters. BEAST output was analyzed with TRACER v1.6
(https://beast.bio.ed.ac.uk/tracer) with 10% burn-in. A maximum clade credibility tree was
generated for each dataset by using TreeAnnotator v1.8.4 and visualized with FigTree v1.4.2
(https://tree.bio.ed.ac.uk).
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Appendix Figure 1. Sampling locations of MN-H5N6/2020 (indicated with red circle) and Xinjiang-
H5N6/2020 viruses (indicated with black circle). Lakes located nearby the sampling locations of MN-
H5N6/2020 viruses are indicated with squares (Khunt Lake, blue; Doitiin tsgaaan Lake, green). Map was
retrieved from Google Maps (Google. google.com/maps/. October 29th, 2020).
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Appendix Figure 2. Maximum-likelihood phylogenetic trees of eight gene segments. Bootstrap values
over 70% are shown. Taxa was colored according to the isolation location (red, Mongolia; blue, Xinjiang,
China). A, polymerase basic 2 (PB2); B, polymerase basic 1 (PB1); C, polymerase acidic (PA); D,
haemagglutinin (HA); E, nucleoprotein (NP); F, neuraminidase (NA); G, matrix (M); H, nonstructual (NS).
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Appendix Figure 3. Temporally structured maximum clade credibility phylogenetic trees of eight gene

segments of clade 2.3.4.4. Time scale is shown on the horizontal axis. Taxa was colored according to the
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isolation location (red, Mongolia; blue, Xinjiang, China). The horizontal bars on each branch indicate the
95% highest posterior density (HPD) intervals of the most common ancestor. A, polymerase basic 2
(PB2); B, polymerase basic 1 (PB1); C, polymerase acidic (PA); D, haemagglutinin (HA); E, nucleoprotein
(NP); F, neuraminidase (NA); G, matrix (M); H, nonstructual (NS).
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